Recently, we have demonstrated that single myocytes isolated from the endocardial and epicardial surfaces of the cat left ventricle exhibit the characteristic regional differences in action potential configurations seen in syncytial heart preparations,10 indicating that the differential action potential configurations reflect intrinsic cellular membrane properties. Data obtained from voltage-clamp experiments show that transient outward current (ITO) is much more prominent in isolated epicardial myocytes compared with those from the endocardial surface and provide a possible ionic explanation for the prominent notch observed between phases 1 and 2 of the epicardial action potential.11 However, these data do not exclude a possible role of other K' currents in the regional differences in action potential configuration. After depolarization to potentials within the range of the action potential plateau, changes in a time-independent and a slow timedependent potassium conductance occur.12-16 These two components constitute two essential features of the repolarizing currents of the action potentials.
The inward rectifier K' current (IK1) underlies timeindependent change in K' permeability.17'18 Several repolarizing currents have been suggested to contribute to slow time-dependent changes in K' conductance, including the delayed rectifier K' current (IK) which plays a major role in time-dependent changes in K' conductance in ventricular muscle cells. [18] [19] [20] Therefore, the present study was undertaken using voltage-clamp techniques to compare the characteristics of IK1 and IK in single cells isolated from the endocardial and epicardial surfaces. The study was designed to test the hypothesis that the differential characteristics of IK1 and/or IK contribute to the endocardial and epicardial differences in action potential configuration.
Materials and Methods
Isolation of single endocardial and epicardial myocytes from feline left ventricles was performed as previously reported from our laboratory.10'11 Domestic cats of either sex, weighing 2.5-3.5 kg, were anesthetized with pentobarbital sodium (30 mg/kg i.p.), anticoagulated with heparin sodium (400 IU/kg i.v.), and ventilated through an endotracheal tube and a positive-pressure pump (Harvard Apparatus, South Natick, Mass. To block Na+ current, 12.5 gM tetrodotoxin (Sigma) was added to the normal Tyrode's solution; tetrodotoxin was prepared on the day of each experiment from stock solutions to the final concentration in the Tyrode's solution. In experiments designed to study IK, we used a Na+-and K'-free external solution to eliminate Na+ current, the electrogenic Na+-Ca2+ exchange current, and 1K1. The Na+-and K+-free external solutions were prepared by replacing NaCl and KCl with equimolar choline chloride and titrated to 7.4 with LiOH. To block L-type Ca21 current, 2 mM CoCl2 was added to the normal Tyrode's solution or the Na+-and K'-free external solution.
tive surge on the current tracing. Signals for wholecell membrane currents were digitized on-line by a 12-bit resolution Labmaster analog-to-digital converter (TecMar Scientific Solutions) under the control of an IBM AT computer and were stored on a hard disk. Signals for single-channel currents were stored on a videocassette recorder (model Sl-HF900, Sony) through a 14-bit resolution analog-to-digital converter (model PCM-1, Medical Systems Corp., Greenvale, N.Y.). The recorded signals were filtered off-line through an eight-pole low-pass Bessel filter (48 dB/octave, model 902-LPF, Frequency Devices, Inc., Haverhill, Mass.) with cutoff frequency of 1 kHz at -3 dB, digitized by a 12-bit resolution Labmaster analog-to-digital converter (TecMar), and stored on a hard disk of an IBM AT computer. Data were analyzed using the software program PCLAMP (Axon Instruments, Inc., Burlingame, Calif.). All experiments were done at 37°C.
Data Analysis
Almost equal numbers of experiments for endocardial and epicardial cells for each heart were done in each protocol so that variations from animal to animal would not affect comparisons between the two cell types. Data were generated by consecutive experiments. To avoid the confounding influence of differences in cell size, if any, between cells isolated from endocardial and epicardial surfaces, the amplitudes of membrane currents were normalized to cell membrane area. Capacitive currents (Icaps) were obtained by the application of a 10-mV hyperpolarizing pulse, and the area under the capacity transient was integrated and used as a measure of whole-cell membrane area (Am), calculated from the following formula: Am=Icap xO.92 kiF-11 cm2. 22 The membrane area (mean+SD) for cells isolated from the endocardial surface (n =75) was 1,220+380 gim2, and that for cells isolated from the epicardial surface (n =73) was 
1,150+429 zm2 (p =NS).
A nonstationary fluctuation analysis method was applied to estimate the single-channel current of IK. 23 The following assumptions were made: 1) Channel conductance has two levels, conducting and nonconducting.
2) The gating of each channel is independent from other channels.
3) The population of channels is homogeneous. From these assumptions, the single-channel current (i) can be related to the mean current (I) of a whole cell through the average variance of nonstationary fluctuation:
where a bar denotes ensemble averages, cr is variance of current amplitude, and p is the probability of a channel opening. As p approaches 0, the second term in the right side approaches zero. Therefore, i can be estimated from the slope of a linear relation between f2 and I when p is small enough. Currents were sampled at 1-msec intervals after being filtered at 1 kHz. I and F2 were computed for each point. Figure 1A . Hyperpolarizing steps (-100 and -90 mV in Figure 1A ) elicited inward currents that decayed slowly, whereas depolarization steps (-80 and -70 mV in Figure 1A ) produced outward currents that had no time dependence. The averaged I-V relations and current density-voltage relations obtained with long voltage steps in 19 endocardial and 19 epicardial cells are shown in Figure 1B . Inward currents elicited by hyperpolarizing pulses (-100 and -90 mV) and outward currents elicited by small depolarizing pulses (-70 and -60 mV) were greater in endocardial cells than in epicardial cells; thus, the N-shaped I-V relation was much more prominent in endocardial cells compared with epicardial cells.
Typical I-V curves obtained by the slow voltage ramp protocol in an endocardial and an epicardial cell are shown in Figure 2A . The I-V curve for 22 (92%) of 24 endocardial cells showed inward current during hyperpolarization, a reversal potential at approximately -85 mV, and a prominent outward current with its peak at approximately -70 mV. With further depolarization, outward current decreased and reached its minimum at about -30 mV, with a prominent negative slope region from -70 to -30 mV. As depolarization was increased still further, the I-V relation showed outward current again. In contrast, for 18 (75%) of 24 Figure 2B ) and subtracted these currents from currents in the presence of 4 mM K' in the external solution ( Figure 2C ).24 The I-V curve of subtracted currents for epicardial cells demonstrated smaller outward current at approximately -70 mV and a less prominent negative portion between -70 and -30 mV, compared with the I-V curve for endocardial cells (see Figure 2C ). The averaged amplitude of peak outward current of subtracted current during small depolarization was 276±54 pA in endocardial cells (n=5) and 131 ±37 pA in epicardial cells (n=5) (p<O.Ol). Thus, it is unlikely that a potential difference in leak current between endocardial and epicardial cells is the main factor for the differences of IKI I-V curves of the two cell types.
Effects ofextracellular K' concentration. The effects of alterations in the extracellular K' concentration on I-V relations were studied using the slow voltage ramp method. In Figure 3 larizing pulse. The envelope-of-tails test is shown in Figure 6 . The membrane potential was stepped from a Vh of -80 to +30 mV for durations ranging from 50 to 800 msec and was then repolarized to -20 mV for 3 seconds. The tail currents arising at the end of each step are shown below the current, which activated during the depolarization. Activation and deactivation kinetics of IK. To examine the time course of IK activation, the membrane potential was stepped from a Vh of -80 mV to a V, ranging from -40 to +50 mV in 10-mV steps for durations ranging from 50 msec to 5 seconds and then was repolarized to -50 mV. The time course of growth of IK,ail (activation of IK) was best fit to a sum of two exponential functions (fast and slow components) at every V, in both endocardial and epicardial cells ( Figure 7A) . Thus, the activation of IK, IK(t), may be expressed as
IK(t)=IK(&)-[A * exp(-t/rf)+B * exp(-t/;s)-+C] (2)
where A and B represent the extrapolated amplitude of the respective components at the start of test pulse (t=0), C is a baseline value of membrane current, IK( u) is the steady-state level of IK, and rf and ;s are the time constants of the fast component and slow component, respectively. rf was not significantly different between endocardial and epicardial cells at any V,, whereas r, was significantly longer at potentials between +10 and +30 mV in endocardial cells compared with epicardial cells ( Figure 7B) .
To study the time course of IK deactivation, membrane potential was depolarized from a Vh of -80 mV to varying Vc for 5 seconds and then was repolarized to -50 mV. For both endocardial and epicardial cells, the time course of deactivation of 11,, could also be fitted to a sum of two exponential curves, fast and slow, at every Vc ( Figure 8A) . Thus, the deactivation of IKtail may be expressed as IY,tail(t)=D * exp(-t/,rf*)+E * exp(-tPrs*)+F (3) where D and E represent the extrapolated amplitude of each component at the onset of repolarization (t=0) from the test pulse and F is a pedestal of a noninactivating current. The time constants of fast (7f*) and slow (r,*) components were significantly longer at potentials between -60 and -30 mV in epicardial cells compared with endocardial cells (Figure 8B) . is an index of kinetics of 'K activation,27 these data suggest that there was no significant difference in the probability of channel opening at each membrane potential between endocardial and epicardial cells. Fully activated I-Vrelation for IK. We also compared the fully activated IK ('K,full) recorded from endocardial and epicardial cells (Figure 10 ). Membrane potential was depolarized from a Vh of -80 mV to a Vc of +50 mV to fully activate IK for 7.5 seconds, since the steady-state activation curve ( Figure 9 ) indicates that IK is fully activated at +50 mV under our experimental conditions. Membrane potential was then repolarized to between -100 and +20 mV in 10-mV steps for 5 seconds (Figure lOA) . The amplitude of IKf,,11 was measured as the difference showing the relation between I and its variance -r2 are plotted in Figure 11 for the two cell types. For the data in Figure 11 , single-channel current (i) was 0.21 pA in the endocardial cell and 0.20 pA in the epicardial cell, using Equation 1. The averaged i was 0.23+0.07 pA in endocardial cells (n=10) and 0.22±0.03 pA in epicardial cells (n=10) (p=NS). Thus, the differences in IK amplitude and its fluctuation did not arise from a difference in single-channel current amplitude. Discussion Although differences between the action potential characteristics of ventricular endocardial and epicardial tissues have long been recognized, the underlying ionic bases for this regional heterogeneity of action potential characteristics only recently have received attention. Litovsky Atrial muscle action potentials have much shorter duration compared with ventricular muscle action potentials. Hume and Umehara18 found no negative slope conductance in I-V relations of background K+ conductance in guinea pig atrial cells and suggested that this was a possible basis for the differential action potential duration between atrial and ventricular myocytes. This difference in the background K' conductance between atrial and ventricular cells is similar to the difference in the negative slope region between endocardial and epicardial cells described in this report. Hume and Umehara18 concluded that different K' channels mediate the background K' conductance of guinea pig atrial and ventricular myocytes. However, this suggested ionic basis for the differential background I-V relation between atrial and ventricular cells does not appear to apply to the difference between feline ventricular endocardial and epicardial cells. One of the major findings leading to their conclusion was that elevation of extracellular K' concentration produced crossover in ventricular cells, but not in atrial cells. This phenomenon was not observed between endocardial and epicardial cells; that is, the elevation of the extracellular K' concentration shifted the I-V curve of IK1 upward and to the right and produced crossover of 1K1 I-V curves in both endocardial and epicardial cells.
Our experiments on single-channel 1K1 currents demonstrated that the I-V relation of 1K1 in endocardial and epicardial cells was very similar in the cell-attached membrane patch mode. Both cells displayed a marked inward rectification, and the reversal potential was approximately 80 mV greater than the membrane resting potential in both cell types. Neither unitary current amplitude nor probability of channel opening was different between endocardial and epicardial cells in the cell-attached membrane patch mode (Figure 4) . Therefore, the difference in 1K1 I-V relations was likely due to the difference in the number of functional channels per myocyte between endocardial and epicardial cells.
The physiological implication of the difference in 1K1 characteristics between endocardial and epicardial cells is presently unknown. At potentials positive to -20 mV, outward current was greater in epicardial cells than in endocardial cells, which favors the shorter epicardial action potential duration. However, at potentials positive to -20 mV, 'K is activated,18-20 and we observed greater amplitude of 'K in epicardial cells than in endocardial cells. Thus, the current difference at potentials positive to -20 mV is likely due to the difference in IK amplitude rather than the difference in 1K1. The implication of the blunted outward current during small depolarizations in epicardial cells is also uncertain. The blunted outward current of lKl between -80 and -50 mV in epicardial cells appears to be inconsistent with a ing that differential characteristics of IK1 between endocardial and epicardial cells may not be a significant factor for a differential action potential duration between the two cell types. In previous studies comparing action potential characteristics between endocardial and epicardial cells, action potentials recorded from epicardial cells had slightly lower resting membrane potentials than those from endocardial cells, although in most of the studies the differences were not statistically significant.1-5 In our previous study in single isolated cells, the resting membrane potentials of cells isolated from the epicardial surface were also slightly lower (-85±4 mV) than those from the endocardial surface (-89±5 mV).10 However, in the present study, we did not compare the resting membrane potentials between cells with or without N-shaped outward I-V relations. Thus, any relation between the resting membrane potential and N-shaped outward I-V curves remains unknown.
The observed differences in 'K characteristics between endocardial and epicardial cells favor shorter epicardial action potential duration. Figure 10) indicates that the probability of channel opening was similar in the two cell types. Additionally, nonstationary fluctuation analysis indicates that the unit amplitude of channel current was not different between the two cell types. These findings suggest that the different amplitude of IK appears to be due to the difference in the number of functional channels per myocyte. Thus, the number of 1K channels, as well as IKI channels, per myocyte is intrinsically different between endocardial and epicardial cells, which may account for the differential amplitude of IK between the two cell types.
Because many of the characteristics of IK are similar between endocardial and epicardial cells, it is reasonable to assume that the structure of 'K channel protein is basically similar between the two cell types. Thus, although the possibility that a minor difference in the structure of channel protein may account for the differential kinetics of activation and deactivation of 'K cannot be excluded completely, it is more likely that differential intracellular and/or intramembrane modulation of lK kinetics may account for the differential kinetics of lK between endocardial and epicardial cells. The molecular basis for the differential activation and deactivation kinetics of IK as well as for the differential number of functional IK1 and IK channels per myocyte between the two cell types needs further investigation to be resolved.
In summary, this study demonstrates that the characteristics of IK1 and IK, in addition to the previously described differential distribution of ITO,11 differ between cells isolated from the endocardial and epicardial surfaces. Large amplitude, enhanced activation, and delayed deactivation of 'K in epicardial cells may play a major role in the faster repolarization and thereby shorter action potential duration in epicardial cells than in endocardial cells. The physiological implication of distinct differences in IK characteristics between the two cell types is not clear and needs further study. The greater outward current region of the lKl I-V relation in endocardial cells may underlie the slightly higher resting membrane potential reported in endocardial tissue of multicellular ventricular muscle preparations and isolated single endocardial myocytes. [1] [2] [3] [4] [5] 
